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ABSTRACT
We derive total (atomic + molecular) hydrogen densities in giant molecular clouds
(GMCs) in the nearby spiral galaxy M33 using a method that views the atomic
hydrogen near regions of recent star formation as the product of photodissociation.
Far-UV photons emanating from a nearby OB association produce a layer of atomic
hydrogen on the surfaces of nearby GMCs. Our approach provides an estimate of
the total hydrogen density in these GMCs from observations of the excess far-UV
emission that reaches the GMC from the OB association, and the excess 21-cm radio
Hi emission produced after these far-UV photons convert H2 into Hi on the GMC
surface. The method provides an alternative approach to the use of CO emission as a
tracer of H2 in GMCs, and is especially sensitive to a range of density well below the
critical density for CO(1-0) emission.
We describe our “PDR method” in more detail and apply it using GALEX far-UV
and VLA 21-cm radio data to obtain volume densities in a selection of GMCs in the
nearby spiral galaxy M33. We have also examined the sensitivity of the method to
the linear resolution of the observations used; the results obtained at 20 pc are similar
to those for the larger set of data at 80 pc resolution. The cloud densities we derive
range from 1 to 500 cm−3, with no clear dependence on galactocentric radius; these
results are generally similar to those obtained earlier in M81, M83, and M101 using
the same method.
Key words: galaxies: individual (M33) - galaxies: ISM - ISM: clouds - ISM: molecules
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1 INTRODUCTION
Molecular hydrogen is the major component of baryonic
matter in the Universe, but direct observations of its large-
scale distribution and motions within and between galaxies
are hampered by the fact that the molecule has no dipole
moment. The absorption and emission of radiation from H2
can occur via the much weaker quadrupole coupling, but the
lowest rotational transition has E/k = 510K (λ = 28.2µ)
and emission therefore requires a significant heat source for
excitation. Secondary tracers of H2 include the rotational
lines of the CO molecule and infrared continuum emission
from the accompanying dust, but the excitation require-
ments of the former favor gas at relatively high density
(n & 1000 cm−3) and the thermal radiation properties of
the latter favor gas at relatively high temperature (TK & 20
K) and depend on grain characteristics. The cool (. 10K),
⋆ E-mail: jonathan.heiner.1@ulaval.ca
sparse (n . 100 cm−3) component of the ISM occupies a
region of parameter space that is difficult to explore, and
its contribution to the total gas content of a galaxy remains
uncertain.
In nearby galaxies, the most common indirect means
of detecting molecular hydrogen is carbon monoxide (CO),
tracing dense, relatively cold molecular gas. On galaxy-wide
scales, CO may or may not be a good indicator of the to-
tal molecular gas content, but on the scale of individual
complexes of giant molecular clouds (GMCs) the situation
becomes more complicated. See, for example, Leroy et al.
(2007) and Leroy et al. (2009) on CO-free H2 envelopes in
the Small Magellanic Cloud. Langer et al. (2010) present re-
cent observations of [CII] emission without CO counterparts,
tracing warm H2 gas.
Another way to trace the ’total gas’ is through infrared
dust emission (Israel 1997). Recent results from Herschel
have greatly expanded the potential application of this ap-
proach (e.g. Braine et al. 2010).
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Here we use an alternative method that is sensitive to
low-density gas, and is relatively insensitive to temperature.
The tracer is atomic hydrogen, considered to be a result of
photodissociation of H2 by far-uv photons emanating from
OB associations of young massive stars and impinging on
the surfaces of nearby giant molecular clouds (GMCs). A
simple model of the photodissociation process in these pho-
todissociation regions (PDRs) permits us to estimate the
total volume density (atomic + molecular) of the GMC as
a function of its relative dust content, the intensity of the
incident far-UV radiation, and the column density of the Hi
created on the cloud surface. Observations of nearby galaxies
by the GALEX satellite provide the far-UV data, the VLA
radio telescope provides Hi column densities from 21-cm
emission, and optical emission lines in the ionized gas near
the OB association provide estimates of the local dust/gas
ratio. Allen et al. (1986) presented the first evidence that
dissociation of H2 into Hi occurs on kiloparsec scales in the
nearby galaxy M83, and in the meantime several nearby
galaxies have been studied in more detail including M81
(Allen et al. 1997; Heiner et al. 2008a), M 101 (Smith et al.
2000), and (again) M83 Heiner et al. (2008b). We will refer
to this approach as the “PDR method”, which we describe
and apply here to M33.
The nearby galaxy M33 is an obvious choice to apply
the PDR method to and derive total hydrogen volume densi-
ties from it. M 33 is close enough to permit resolving some of
the atomic hydrogen structures around sites of recent star
formation. Besides utilizing the full resolution available in
the FUV and Hi images (≈ 20pc), we also apply the method
at a deliberately reduced resolution (≈ 80pc), which has the
advantage of revealing more of the larger scale structure of
the PDRs and allows us to compare the M33 results to our
previous M 81 and M83 results. The latter two galaxies are
at a distance of 3.6 and 4.5 Mpc respectively, but M 33 is
considerably closer, at 847 kpc (Saha et al. 2006), and there-
fore offers a superior linear resolution at the same angular
resolution. At the same time M33 is not too close to lose
the larger-scale morphology, while being reasonably face-on.
The influence of resolution effects on the PDR method can
also be studied this way.
Recent work on M33 has revealed the detailed distri-
bution of molecular clouds detectable in CO emission (e.g.
Onodera et al. 2010; Gratier et al. 2010; Rosolowsky et al.
2007). Metallicities in M33 have been investigated with
increasing spatial resolution (Rosolowsky and Simon 2008;
Magrini et al. 2010), and Braine et al. (2010) treat the dust
and gas this galaxy. To this expansive host of results, we add
independent total hydrogen volume density measurements
using the PDR method.
In Heiner et al. (2009) we presented the first results of
applying the PDR method to M33 at high resolution. In
Heiner et al. (2010) we showed how the PDR method at
reduced resolution can be used to measure the power-law
slope of the volume Schmidt law of star formation as origi-
nally formulated by Schmidt (using volume density instead
of surface density). In this paper we present our full PDR
method results of M33 that were used in the previous two
papers, at high resolution as well as reduced resolution. The
aim of this work is to compare the densities with our pre-
vious M81 and M83 results and test the consistency of the
PDR method at two widely different linear resolutions.
Figure 1. Example: NGC 604 seen as a large candidate PDR.
Gray scale levels (FUV counts per second per pixel) are 0.25,
0.5, 0.75, 1, 2.5, 5, 7.5, 10, 25, 50. The fitted centre of the UV
emission is marked with a white star. The Hi contour levels are (in
1021 cm−2) 0.5, 1, 1.5, 2, 2.5. Measured Hi patches are indicated
with black crosses. The dashed ellipse is an example of how ρHi
was measured - namely de-projected using M33’s position angle
and inclination. Its major axis has a radius of about 280 parsec.
A 20-arcsec beam is drawn in the lower right.
The data used as input for the PDR method and the
method itself are detailed in Section 2. The total hydrogen
volume densities in candidate PDRs in M33 are presented
in the next section: the densities from the reduced resolu-
tion analysis in Section 3.2 and the full resolution results
in Section 3.3. We briefly compare the results of the PDR
method in M33 to those in M81 and M83 and summarize
our conclusions in Section 4.
2 DATA AND METHOD
2.1 The PDR method
Determining the total hydrogen volume density in candidate
PDRs requires measurements of the local radiation field,
which we estimate from FUV photometry derived from the
publicly available GALEX M33 image. It also requires iden-
tifying potential GMCs, traced by ’patches’ of atomic hy-
drogen: distinct features of Hi found near OB star clusters.
We focus on FUV emission above the diffuse background
radiation field and we assume that this emission causes the
distinct Hi features above the Hi background levels. In this
manner we attempt to obtain clear and simple components
to our method and keep the geometry of the candidate PDRs
surrounding the OB clusters simple.
The 21-cm 20-arcsec and 5-arcsec M33 images were pro-
vided by David Thilker and Rob Braun (2007, private com-
munication). The linear resolution for the reduced resolution
comparison is about 80 pc at the distance of M33, from a
combination of data from the VLA (B, C and D configu-
rations) and the GBT (for a complete explanation of the
c© 2011 RAS, MNRAS 000, 1–12
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Figure 2. Candidate PDR locations are indicated with boxes on this GALEX FUV image (smoothed to 30-arcsec). The candidate
PDRs were selected on the basis of their FUV emission. Left panel: reduced resolution regions. Right panel: full resolution regions.
Radius FFUV
a Aperture
Source no. R.A. (2000) Decl. (2000) (kpc) (arcsec)
1 1 33 51.371 30 38 52.01 0.23 305.35 96
2 1 33 51.052 30 41 1.18 0.40 26.08 36
3 1 33 40.271 30 35 34.72 1.16 137.22 72
4 1 34 1.540 30 37 43.83 1.27 71.03 60
5 1 34 8.658 30 39 15.42 1.63 96.25 72
6 1 33 34.135 30 33 53.24 1.71 151.01 72
7 1 33 33.401 30 41 37.88 1.88 188.70 156
8 1 33 58.709 30 34 14.98 1.92 518.50 156
9 1 34 10.340 30 46 39.52 2.06 195.81 108
10 1 34 19.129 30 44 37.26 2.35 20.08 48
a 10−15 ergs cm−2 s−1 A˚
−1
Table 1. Locations and FUV fluxes of candidate PDRs (example, full table available in the (online version of this journal)).
procedure, see Braun et al. 2009)1, and the full resolution
analysis was carried out at a 5-arcsec resolution. The im-
ages are a mosaic of radio pointings that cover the extent of
the GALEX image. At the 5-arcsec resolution, typical noise
levels are 2× 1020cm−2.
To calculate linear distances within M33, necessary to
compute incident UV fluxes, we assume this galaxy to be lo-
cated at a distance of 847 kpc (Saha et al. 2006). (The same
parameters were used in Heiner et al. 2009). To de-project
distances, we adopt a position angle of 23◦ and an inclina-
tion of 56◦ for its disc, from Zaritsky et al. (1989). Its R25 is
28.8′, or 7.1 kpc (Vila-Costas and Edmunds 1992), which we
used to normalize our galactocentric radius measurements.
The radius measurements are needed to calculate the dust-
to-gas ratio with the assumption of a galactic metallicity gra-
dient. A uniform foreground extinction of AFUV = 0.33mag
is assumed to correct the measured UV flux, using E(B-
1 Project codes for the radio data: (VLA) AT206, AT268, and
(GBT) GBT02A-038
V) from Schlegel et al. (1998) and the expression for AFUV
from Gil de Paz et al. (2007). As in our previous papers,
we ignore internal extinction, under the assumption that
it is uniform, or at least acting in all directions equally in
a spherical morphology, and that the distance through the
disc is comparable to the separation between the UV source
and the Hi patch. In that idealized case the internal extinc-
tion can be ignored, as it works equally between the UV
source and the observer as between the UV source and the
Hi patch. The adoption of a single value for the internal ex-
tinction affects the calculated values of the total hydrogen
volume densities equally. For example, if an internal extinc-
tion of 1 mag were adopted, all values of n would need to
be multiplied by 2.5. We also use the GALEX FUV emis-
sion at 1500A˚ as a proxy for the dissociating radiation at
1000A˚, assuming a locally flat spectral energy distribution
(van Dishoeck and Black 1988).
The photodissocation rate is regulated by the dust
content, through obscuration of FUV radiation and cat-
alyzation of the formation of molecular hydrogen. We de-
rive the dust-to-gas ratio δ/δ0, which is normalized to
c© 2011 RAS, MNRAS 000, 1–12
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1 2
Figure 3. M33 candidate PDRs at reduced resolution (the full set is available in the (online version of this journal)). The Hi column
density contours are plotted against a background of the FUV flux in gray scale. The fitted position of the central UV complex is marked
by a star. A distance scale is indicated, but see Figure 1 about how we de-project the distances. The integrated FUV fluxes can be found
in Table 6.
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
1a 121 1.91 6.53 8.01 487 0.60
1b 161 2.02 3.67 4.51 249 0.59
1c 403 2.17 0.59 0.72 35 0.58
2a 40 2.11 5.02 8.18 323 0.97
2b 202 2.37 0.20 0.33 10 0.61
2c 363 1.57 0.06 0.10 6 0.52
2d 363 2.17 0.06 0.10 4 0.58
3a 242 1.82 0.73 0.81 67 0.54
3b 242 1.51 0.73 0.81 89 0.51
3c 403 1.99 0.26 0.29 21 0.55
a Fractional error
Table 2. Results (example, full table available in the (online version of this journal)).
the solar neighborhood value, from the metallicity 12 +
log(O/H) after Issa et al. (1990). Under this assumption,
the dust-to-gas ratio is directly proportional to the metal-
licity log(O/H). The metallicities in M33 were measured
by Rosolowsky and Simon (2008) and Magrini et al. (2007).
We use a solar metallicity of 8.69 from Allende Prieto et al.
(2001) to obtain the dust-to-gas ratio scaled to the solar
neighborhood. The dependence of the dust-to-gas ratio on
the galactocentric radios R (in kpc) is:
log δ/δ0 = −0.027R − 0.33, (1)
using Rosolowsky and Simon (2008). More recently,
Magrini et al. (2010) report a metallicity slope of 0.037
dex kpc−1. However, we will keep the slope of 0.027 for
consistency with our previous results.
With the full resolution data local metallicity measure-
ments are sometimes available for our candidate PDRs; in
these cases we adopt an equivalent expression to that used
in Heiner et al. (2009), independent of the galactocentric ra-
dius:
log δ/δ0 = (12 + log (O/H))− 8.69. (2)
The foreground extinction that was used to correct the
far-UV flux is 0.33 mag, based on Schlegel et al. (1998) and
Gil de Paz et al. (2007). The equation describing the pho-
todissociation process, as derived from Sternberg (1988) and
Allen (2004) is:
NHi =
7.8× 1020
δ/δ0
ln
[
1 +
106G0
n
(
δ
δ0
)−1/2]
cm−2. (3)
In this form it is a clear expression of the atomic hydrogen
column density that is created by photodissociation on the
surface of GMCs.
Heaton (2009) derived a somewhat improved version of
this equation, requiring all derived values of n in this paper
to be multiplied by (δ/δ0)
0.2, which is well within our current
estimated levels of uncertainty in the case of M 33. We main-
tain the use of Equation 3 at this time for consistency with
our results in Heiner et al. (2009) and Heiner et al. (2010).
We considered the overall Hi distribution across the disc
of M33 and adopted a background Hi column density of
1.2× 1020 cm−2 inside 1.1 R25 and 0.5× 10
20 cm−2 outside
of this radius. We do this in an attempt to isolate the addi-
tional Hi produced by photodissociation under the influence
of the nearby OB associations. We checked the reduced reso-
lution background levels of the Hi column densities through-
out M33 and chose to characterize the trend with these two
values. They have a very small impact on the final results as
long as they are only a fraction of the 7.8×1020 scaling in the
exponential of the model when computing the total hydro-
gen volume density n. We measured the distances between
the central UV source and nearby Hi ’patches’, which are
defined as a local maximum in the Hi column density, and
recorded their column densities out to a separation of 400
pc, the approximate maximum size of the candidate PDRs.
c© 2011 RAS, MNRAS 000, 1–12
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Figure 4. Combined results are plotted here as a function of the
normalized galactocentric radius. (a) FUV fluxes of the candi-
date PDRs, not corrected for extinction. (b) Hi column densities
associated with the central UV sources. (c) ρHi, the separation
between the central UV source and each Hi patch. (d) Incident
flux G0 on each Hi patch. (e) Total hydrogen volume densities
n = nHi + 2nH2 .
This value is somewhat arbitrary and based on the Hi mor-
phology surrounding the central UV source. In Heiner et al.
(2008a) we used 600 pc, although almost all measured val-
ues were below 400 pc. In Heiner et al. (2008b) we used 480
pc. Erroneously including Hi patches that are not produced
under the influence of the assumed central UV source results
in low computed total hydrogen volume densities.
We censored background-subtracted column densities
below 0.5 × 1020 cm−2. As an example of the resolution of
the data and the scale of the candidate PDRs, we show NGC
604 in Figure 1. The Hi contours illustrate the morphology
of atomic hydrogen surrounding the central concentration of
O and B stars in NGC 604, the brightest Hii region in M33.
While this region has been studied in much more detail (at
a much higher resolution), it is important in the context of
large-scale PDRs to view this region in its entirety and to
get global gas density estimates from it. In the full resolution
Hi data we measured individual local Hi column density
backgrounds based on the average Hi column density near
the candidate PDRs. These background levels will be listed
for every region in the full resolution results.
Figure 5. Observational limits are marked in this plot of G0
versus n. The roman numerals are explained in the text.
Name Reduced resolution no.
CPSDP Z204 5
CPSDP 0087g near 5
BCLMP 0695 none
BCLMP 0650 24
BCLMP 0288 19
BCLMP 0269 27
NGC 604 14
NGC 595 7
BCLMP 0256 20
Region 42 42
Table 3. Candidate PDRs, full resolution
2.2 Improvements to the PDR method
The full resolution images allow for a slight improvement
to the PDR method. Resolved UV sources are measured in-
dependently (although they are still expected to harbor a
certain amount of O, B stars each) and their incident flux
G0 on individual Hi patches is summed to derive a cumula-
tive G0. We did not consider whether one UV source blocks
another in the direction of an Hi patch, since we could not
de-project the three dimensional structure of these OB clus-
ters from the FUV image. It can however be assumed that
this is not a big issue if the extinction close to these sources
is low.
Another improvement to the method is the use of lo-
cally measured metallicity values where available (Equation
2). Otherwise, we use the single metallicity gradient equa-
tion for M 33 (Equation 1). As in M81 and M83, we did
not aim for a complete sample of candidate PDRs in M33,
but rather we selected those regions that stood out in their
FUV emission and had a morphology that seemed to in-
dicate the presence of large-scale PDRs. The latter merely
means that we preferred regions with a relatively simple ap-
parent Hi morphology. We selected regions with a progres-
sively more (apparent) complex Hi structure. Additionally,
when a larger, resolved Hi structure appeared to be present
in a candidate PDR, we measured its average column den-
c© 2011 RAS, MNRAS 000, 1–12
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sity and calculated a global total hydrogen volume density.
This is similar to the method used in M81 and M83, except
that in M33 the structures are resolved. We explicitly as-
sume that a large-scale PDR with a shell of Hi is observed
in these cases, with a radius of up to a few hundred parsec.
NGC 595 is an example where this morphology is particu-
larly obvious.
In addition to the UV-selected candidate PDRs, we
included a few regions that had either individual CO de-
tections associated to it, from Engargiola et al. (2003), or
individual metallicity measurements. Almost all of these
candidate PDRs, primarily selected by FUV emission, are
previously catalogued Hii regions. The ones starting with
BCLMP derive their names from Boulesteix et al. (1974).
The ones starting with CPSDP come from Courtes et al.
(1987). Our sample includes one region that has no name
at this time, which we will call “Region 42”, consistent with
the numbering of the reduced resolution results.
3 RESULTS
3.1 Source selection
The candidate PDRs that were selected for our analysis are
shown in Figure 2. We selected 42 prominent FUV sources
in M33 at reduced resolution, while attempting to cover the
full range of galactocentric radii available to us. Each UV-
selected region has multiple measured Hi patches, providing
a range of total hydrogen volume density measurements per
candidate PDR. Note that we did not aim to identify all
candidate PDRs, as source completeness was not our goal.
At the full resolution, we selected 10 regions. At this
level of detail, the larger scale (a few hundred parsec) mor-
phology of Hi is resolved into smaller scale (several tens of
parsec) Hi features. It is important to see if the results of
the PDR method change when applying it at full resolu-
tion. We also wanted to take advantage of the availability
of individual dust-to-gas ratio measurements. Finally, some
regions also had measurements of CO available, so the re-
sulting cloud densities can be compared to CO results. At
the same time, we tried to preserve the spread in galacto-
centric radius coverage.
The full resolution Hi morphology is considerably more
detailed, and identifying clear Hi patches is not easy as in
the reduced resolution case. Therefore, we selected a limited
subset of the regions featured in the reduced resolution anal-
ysis and studied them more extensively. Table 3 shows how
the selected regions correspond to the reduced resolution
regions. The full resolution regions are chosen with several
criteria in mind: apparent presence of a large scale Hi (par-
tial) shell, known Hii regions (e.g. NGC 604), availability of
individual metallicity data, and availability of CO measure-
ments, while still keeping a representative spread in galac-
tocentric radius. The final sample included 10 regions. 8 of
these are also present in the reduced resolution sample, one
is an Hii region close to a reduced resolution region and one
does not appear in the reduced resolution analysis. These 10
regions feature a rich and detailed morphology, while at the
same time the resulting total hydrogen volume densities are
shown not to differ significantly from the reduced resolution
analysis result. (See Section 4.1.)
3.2 Cloud densities in M33, reduced density
Two example overlays of M33 candidate PDRs (locations
are marked in Figure 2) at reduced resolution are shown
in Figure 3. A full set of overlay plots can be found in the
(online version of this journal).
The FUV fluxes of the central sources in our candidate
PDRs are displayed in Figure 4a, and listed in Table 1 along
with their locations and the aperture used to measure the
FUV flux and the galactocentric radius of each source.
A gradual decline in maximum values can be seen go-
ing outwards. A similar decline can be seen in the minimum
values, but we suspect that crowding effects are possible
here, leading us to miss the fainter sources. We are assum-
ing that the maximum values are real and not a selection
effect, whereas a sensitivity limit has been reached at larger
galactocentric radius. The fluxes show the same spread as
we reported for M83 (Heiner et al. 2008b) - namely 2 dex
or less at any given galactocentric radius. Since associations
of O and B stars are measured, the number of those stars
per cluster could decrease with radius, causing the general
decline. On an absolute scale the difference in flux values is
caused only by the different distances of M83 and M33 (the
luminosities of the UV sources are in the same range).
The measurements of the candidate PDRs are shown
in Figure 4 and in Table 2. The figure and table show the
measured Hi column densities of candidate PDRs, the sep-
aration between the OB clusters and associated Hi patches,
the calculated incident flux G0,and finally the derived total
hydrogen volume densities.
Figure 4b shows the Hi column densities of the patches
found near each of the UV sources. The patches are lo-
cal maxima in the column densities that are assumed to
be caused by Hi produced in a PDR. Each UV source can
have multiple Hi patches associated to it. The measured Hi
columns are fairly flat out to a radius of 0.8 R25 (with some
spread), after which they start to decline. The maximum
measured column densities are affected by beam smoothing
and related to the linear resolution.
Using the measured separation between the central UV
source in each candidate PDR and its associated Hi patches
(ρHi, Figure 4c), the incident flux G0 on every patch is cal-
culated, and plotted in Figure 4d. The distribution of G0
values is mostly flat out to a radius of 0.8 R25, and after
that the values start to decline due to the decreasing mea-
sured FUV fluxes. The distribution of measured separations
ρHi does not change with galactocentric radius and shows
no preferred value.
Finally we calculate the total hydrogen volume densi-
ties n, which are plotted in Figure 4e, using Equation 3.
Values range from 1 to 500 cm−3 with values going up to
2500 cm−3 and do not change significantly with galactocen-
tric radius. This corresponds to H2 densities of up to 250
cm−3 in GMCs across M33. A hint of an upturn at large
galactocentric radius may be caused by overestimating the
dust content and is not significant.
It is also instructive to plot the relation between G0 and
n, as displayed in Figure 5, because of the selection effects,
marked by dashed lines:
I. Hi column density upper limit of 5 × 1021 cm−2 at a
characteristic δ/δ0 of 0.33.
II. Hi column density lower limit of 6 × 1019 cm−2 at a
c© 2011 RAS, MNRAS 000, 1–12
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Figure 6. Left panel: CPSDP 0087g region at full resolution. The FUV image is overlaid with Hi contours (color version available in the
(online version of this journal). The Hi contours are 3 and 4 ×1021cm−2 only, to emphasize the morphology of the Hi peaks. Black
stars mark the locations where the FUV fluxes were measured. The orange boxes are the locations of the measured Hi patches. Green
diamonds denote the location of CO detections by Engargiola et al. (2003). Part of CPSDP Z204 can be seen in the eastern part of the
image. Right panel: Finding chart of the same region with letters (UV sources) and numbers (HI patches).
Rgal (kpc) 1.05
δ/δ0 0.65
FUV sources (J2000) 1h34m2.363s 30◦38′42.30′′a,
1h34m2.175s 30◦38′52.13′′b,
1h34m1.792s 30◦38′20.99′′c,
1h34m1.754s 30◦39′01.48′′d,
1h34m0.781s 30◦39′08.93′′e,
1h34m0.127s 30◦39′01.85′′f
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 4.55a, 4.68b, 4.55c, 1.56d, 1.65e, 4.72f
Nbg(10
21 cm−2) 0.96
NHI(10
21 cm−2) 3.371:abcd, 4.102:abc, 3.673:abcdef , 4.634:abcd,
3.645:abcd
G0 (cumulative) 1.691, 0.322, 0.973, 0.484, 0.375
G/Gbg range 0.01−1.77
1, 0.03−0.172, 0.01−0.233, 0.01−0.164,
0.02− 0.095
n (derived, in cm−3) 151, 12, 63, 14, 35
Fractional error range 0.35− 0.45
Table 4. Detailed measurements of CPSDP 0087g
characteristic δ/δ0 of 0.25. Note however that this lower limit
can be higher in practice, as it also depends on our ability
to discern Hi patches against the general Hi background.
III. Lowest observable n of 0.2 cm−3 related to the radio
beam size and the Hi lower limit.
IV. Minimum usable G0 of 1.4× 10
−3, depending on the
maximum accepted size of candidate PDRs and the lowest
accepted UV flux.
V. Maximum G0 obtainable by the PDR method consid-
ering our data of M33 of 1.2× 102.
Clearly, the selection effects limit the possible values of
G0 and n.
3.3 Cloud densities in M33, full resolution
We will now present the cloud densities in candidate PDRs
as derived with the PDR method from the full resolution (∼
20 pc linear resolution) data. These are mostly a subset of
the regions selected for the reduced resolution analysis. The
corresponding regions are listed in Table 3. We will give a
short description of each region, accompanied by an over-
lay plot, a finding chart and a data table. The color plots,
finding charts and data tables are available in (the online
version of this journal). An example plot, finding chart
and table are shown for CPSDP 0087g in Figure 6 and Table
4. The results for the regions NGC 604 and CPSDP Z204
are included for completeness, but were presented previously
in Heiner et al. (2009). Finally, the results are gathered in a
couple of consolidated plots. An overview plot of the loca-
tion of the regions that were investigated is shown in Figure
2.
CPSDP 0087g: We measured fluxes in a string of UV
sources, that seems to be surrounded by Hi emission. (Fig-
ure 16, Table 7.) The Himorphology is clumpy and is mostly
located to the east of the UV sources. This region has CO
detections, that are not directly coinciding with measured
Hi patches. CO detection close to one of the UV sources
is likely to arise from high temperatures. The metallicity
in this region is relatively high, higher than, for example,
c© 2011 RAS, MNRAS 000, 1–12
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Figure 7. The results of the 9 out of 10 candidate PDRs that have detailed results (not the larger scale measurements) are shown here
(as crosses): the Hi column densities, the incident flux G0, and the total hydrogen volume densities. The reduced resolution results are
plotted as gray boxes. The filled boxes are the regions with full resolution result counterparts. Region BCLMP 0288 is not included since
it does not feature a discernible detailed morphology.
CPSDP Z204 nearby. This depresses the total hydrogen vol-
ume densities in the PDR model.
CPSDP Z204 is about 1.6 kpc away from the centre of
M33 and is shown in Figure 17 and Table 8. It was described
in more detail in Heiner et al. (2009) and shows a morphol-
ogy of Hi patches surrounding a complex of UV sources,
making these Hi clumps candidate PDRs. The detection of
CO is a further confirmation of the presence of GMCs in the
area.
NGC 595 is M33’s second brightest Hii regions and has
been studied extensively. Wilson and Scoville (1992) stud-
ied the molecular content of this region and found it to have
less molecular gas mass than NGC 604 by about an order
of magnitude (half a million solar masses). They noted a
significant atomic mass component and point to photodis-
sociation as the likely cause of this Hi. Lagrois and Joncas
(2009) derive an overal electron density of the nebula of 162
cm−3 from Hα, [O III] and [S II] kinematic observations.
The finding chart in Figure 18 shows that Hi patch no. 1,
that was selected because it has CO associated to it, has a
density of 105 cm−3 (Table 9). However, patch no. 2 is as-
sociated with CO emission as well, but has a lower density
(only 12 cm−3). The CO emission here may be the result of
a higher temperature of the gas rather than a higher density
of the GMCs. A larger scale measurements (green polygon
in the overlay), yields a slightly higher density of 45 cm−3.
BCLMP 0695: No clear large-scale structure can be dis-
cerned in this Hii region, although the distribution of atomic
hydrogen seems to suggest some filamentary structures. The
UV fluxes are comparable to the lower fluxes in NGC 595,
and the number of sources points to a lot of recent star
formation (Figure 19). The UV sources surround the single
detection of CO in this region, and so do the Hi patches.
The closest ones are no. 1 (23 cm−3) and no. 4 (116 cm−3).
We would also expect CO emission at no. 2, since it has a
density of 195 cm−3, but it is also close enough to the UV
source that any CO would have been broken up. In that case
it would be of interest to look for ionized carbon atoms.
NGC 604 is the largest and most luminous Hii region
in M33. Our measurements of NGC 604 are listed in Ta-
ble 11. A detailed view of NGC 604 is shown in Figure 20.
The central cluster of OB stars is situated on the edge of an
Hi arm. We attempted to get a global measurement using
an average Hi column density measured on the Hi arm. Hi
column densities to the west of NGC 604 drop to below the
sensitivity limit, although a diffuse component shows on sin-
gle dish GBT data (Thilker, 2008, private communication).
c© 2011 RAS, MNRAS 000, 1–12
Atomic Hydrogen produced in M33 Photodissociation Regions 9
Figure 8. The results of the 9 out of 10 regions that have detailed results (not the larger scale measurements) are shown here: the
incident flux G0, the total hydrogen volume densities and a plot of n vs. G0. The open circles indicate Hi patches with a source contrast
below 0.5. Region BCLMP 0288 is not included since it does not feature a discernible detailed morphology.
Since the UV emission does not particularly follow the Hi
arm, this faint Hi emission deserves further attention.
Region BCLMP 0288 only features a morphology that
suggests a large-scale PDR, which makes it an interesting
target in its own right. The central cluster is embedded in
Hi emission that doesn’t show discernible structure on a
smaller scale. The highest Hi columns go around BCLMP
0228 on the eastern side and we used an average along that
ridge for our measurements (Figure 21, Table 12).
BCLMP 0256: This Hii region contains three individ-
ual metallicity measurements from Rosolowsky and Simon
(2008). We adopted the nearest measurement to each Hi
patch, as can be seen in Table 13. A partial Hi ridge sur-
rounding BCLMP 0256 on the basis of surrounding Hi
patches is shown, among others, in Figure 22. Additional
UV sources were measured towards the west, where the ex-
tra metallicity measurements were available.
The region BCLMP 0650 (Figure 23) shows a rich mor-
phology of a large-scale PDR and intermediate size PDRs,
of which we have analysed 5. While the large-scale Hi shell
is not very dominant, we still attempted to measure its av-
erage column density in a rectangular area, finding a total
hydrogen density of 18 cm−3.
BCLMP 0269: This region features a lot of recent star
formation, scattered over a relatively large area. The distri-
bution of the atomic hydrogen surrounding the young star
clusters is reminiscent of a large-scale shell. The average Hi
column density of this shell is measured along a straight
line in Figure 24). The region includes a CO measurement
by Rosolowsky et al. (2003), that we connect to an inter-
mediate size PDR. We also include a similarly sized PDR
on the eastern part of BCLMP 0269, which looks like our
typical candidate PDR.
Our Region 42 lies relatively far from the centre of M33,
at about 8.6 kpc (Figure 25, Table 16). It features a single
UV complex at its centre, surrounded by various Hi patches
that can be used to probe the underlying GMCs in this can-
didate PDR. These patches are expected to indicate medium
scale PDRs. The total hydrogen volume densities found in
this way range from 6 cm−3 to about 220 cm−3. Addition-
ally, we attempted to probe the large-scale PDR by averag-
ing the Hi column densities along an arc of Hi surrounding
the central FUV source. This measurements yields a total
hydrogen volume density of n = 70 cm−3. As in M81 and
M83, our method points to the presence of GMCs in the
outer regions of these galaxies.
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Figure 9. Boxplots showing the range of total hydrogen vol-
ume densities in the galaxies M33, M81 and M83 respectively
(from left to right). The bins have been chosen per galaxy to di-
vide the available range of galactocentric radii in four parts. The
M83 results, previously published in Heiner et al. (2008b), show
a greater spread in values within R25 than the other results. The
M33 results are narrower in spread and tend to be higher in total
hydrogen volume densities.
3.4 Combined plots
The measurements of the regions with candidate PDRs pre-
sented here are consolidated in Figure 7. The results at
full resolution are indicated with black crosses. The gray
boxes in the background are the results at reduced resolu-
tion for reference. The filled boxes correspond to the regions
investigated at full resolution. Note that one of the regions,
BCLMP 0288, is not included since we only have a larger-
scale measurement there (see Section 3.3).
The Hi plot is a sampling of Hi peaks that decline with
galactocentric radius. Close to the centre of M 33 the values
are high enough to raise worries about the Hi being optically
thick. The values of G0 decline as well and generally span a
range of 0.1 to 10. The total hydrogen volume densities are
remarkably constant in range and values, ranging from ap-
proximately 10 to 300 cm−3. The values in the region closest
to the centre, CPSDP 0087g, are lower. We noted previously
that this region has a particularly high dust content, de-
pressing the densities that we obtain. The high dust content
may also indicate heavy internal extinction for which we did
not correct.
As an additional indication of the likelihood of the Hi
patches being produced by photodissociation, we looked at
the source contrast G/Gbg . The same results are plotted
without the reduced resolution results in the background.
The open circles in Figure 8 indicate a corresponding source
contrast of less than 0.5. These Hi patches generally corre-
spond to a lower value of n, and a lower value of G0. Fi-
nally, plotting G0 and n does not show a clear correlation,
although if an actual correlation were present, it would be
more pronounced without the CPSDP 0087g sources.
4 DISCUSSION AND CONCLUSIONS
4.1 Resolution effects
Despite the analysis at different resolutions, the resulting
cloud densities do not differ from each other, as they are
in the same range. This is shown in Figure 7, where the
densities are shown for those regions that are included at
both resolutions. The full resolution data offers the advan-
tage of (partially) resolving the parent GMCs connected to
the OB associations with the opportunity to study the be-
havior of the Hi in more detail (Heiner et al. 2009). On the
other hand, there is more confusion in the distribution of the
Hi, where the spatial distribution at the reduced resolution
makes it easier to identify the Hi patches. With the reduced
resolution data presented here, we were able to study the
volume Schmidt Law of star formation Heiner et al. (2009).
Either way, the resulting cloud densities do not differ
significantly, and selecting more regions for full resolution
study is not expected to lead to more insight at this time.
4.2 Performance of the PDR method across M33,
M81, M83
The M81 and M83 results were presented in Heiner et al.
(2008a,b). Both galaxies show no clear drop in total hydro-
gen volume densities out to larger galactocentric radii. In
the case of M 83 we were able to identify candidate PDRs
out to relatively large radii. In the view of photodissociated
c© 2011 RAS, MNRAS 000, 1–12
Atomic Hydrogen produced in M33 Photodissociation Regions 11
atomic hydrogen, there is no reason to assume that indi-
vidual GMC densities change further away from the galac-
tic centre. In fact, Bigiel et al. (2010) confirm that far-UV
and Hi emission continue to be correlated spatially out to 3
times R25 even. At these distances we would expect PDRs
and photodissociated Hi to occur just as they would more
towards the galactic centre.
We generated boxplots for M81 and reproduced box-
plots for M 83 for comparison to the M33 results at equiva-
lent resolution. These are shown in Figure 9. In a box-and-
whisker plot, or boxplot, the boxes span the lower to upper
quartiles of the data (50% of the datapoints combined), with
a line indicating the median value. The so-called ’whiskers’
show the range of the data (1.5 times the inner quartile
range of points), with outliers plotted individually (+).
The M81 results were recalculated to match certain pa-
rameters used in M83 and M33 for consistency, like the solar
metallicty and the foreground extinction. A solar metallic-
ity of 8.68 was adopted (Allende Prieto et al. 2001), and the
M81 foreground extinction was taken to be 0.63 mag, where
1.37 mag was used in Heiner et al. (2008a). As a result of
this, all total hydrogen volume densities derived for M 81
used here are a factor 2 lower than calculated previously.
Finally, the results presented and summarized here
are in many ways similar to those of M101 presented by
Smith et al. (2000), but cannot be compared directly to our
results. They found total hydrogen volume densities in the
range of 30 to 1000 cm−3. They used UIT data, while newer
GALEX data has better sensitivity and the UV flux nor-
malization can be expected to be slightly different due to
the respective UIT and GALEX filter function. The method
that was applied to M101 used a different way of measuring
the Hi column density, since averages of concentric ellipses
around the central UV sources were used instead of indi-
vidual Hi patch measurements. While averaging the column
densities is expected to yield a lower overall column densi-
ties, they did not subtract a local or global Hi background
level. These two differences may balance each other out. An-
other difference is their assumptions about an internal ex-
tinction correction, which we have chosen not to apply due
to geometrical considerations (Heiner et al. 2008a).
The first observation that can be made, is that there
seems to be no fundamental difference between the three
galaxies. In all cases we find a range of values that does not
change significantly with galactocentric radius. The lowest
cloud densities that we find should not constitute an actual
physical limit, since these values are either due to a large
separation ρHi (where it becomes questionable whether the
Hi is really connected to the central UV source), or possibly
pushing the method to the limits of its applicability. The
largest cloud densities are a better indication, since the re-
sponsible Hi patches are generally closer to the central UV
source and their connection is therefore more convincing.
The largest densities in M81 are lower than those of M 33
and M83. We already speculated in Heiner et al. (2008a)
that this is consistent with the fainter levels of CO emission
in M81. In the case of M83 they appear to be lower outside
the optical disc, but this feature does not show in M33.
4.3 Conclusions
In Heiner et al. (2009) we presented our first findings of total
hydrogen volume densities in candidate PDRs in M33 using
the PDR method. We used reduced resolution results to re-
cover the volume Schmidt law of star formation in M33 in
Heiner et al. (2010). In this paper we present the complete
results of applying the PDR method to M33. We summarize
our findings as follows.
1. We presented total hydrogen volume densities of can-
didate PDRs in M33 obtained with the PDR method, and
compared them with those found in M81 and M83. These
PDRs occur throughout the optical discs of these galaxies
and beyond. UV emission can be matched to the presence of
atomic hydrogen out to the detection limit of 21-cm images.
2. We find total hydrogen volume densities of candidate
PDRs in M33 ranging from 1 to 500 cm−3.
3. The densities in candidate PDRs of M81 and M83 are
in the same range, although the spread in the M83 results
is higher, indicating the presence of higher density GMCs in
M83. The M33 densities go up to the same level as in M83,
although the spread is narrower. The PDR method therefore
yields similar results nearby (M33) as well as further away
(M83).
4. The cloud densities presented here at two different res-
olutions show that the PDR method yields consistent results
that are not significantly affected by resolution effects.
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Table 5.
Radius FFUV
a Aperture
Source no. R.A. (2000) DEC. (2000) (kpc) (arcsec)
1 1 33 51.371 30 38 52.01 0.23 305.35 96
2 1 33 51.052 30 41 1.18 0.40 26.08 36
3 1 33 40.271 30 35 34.72 1.16 137.22 72
4 1 34 1.540 30 37 43.83 1.27 71.03 60
5 1 34 8.658 30 39 15.42 1.63 96.25 72
6 1 33 34.135 30 33 53.24 1.71 151.01 72
7 1 33 33.401 30 41 37.88 1.88 188.70 156
8 1 33 58.709 30 34 14.98 1.92 518.50 156
9 1 34 10.340 30 46 39.52 2.06 195.81 108
10 1 34 19.129 30 44 37.26 2.35 20.08 48
11 1 33 49.897 30 29 29.97 2.84 8.61 36
12 1 33 34.036 30 47 26.00 3.16 13.63 48
13 1 34 30.170 30 40 45.20 3.40 39.95 48
14 1 34 32.634 30 47 4.24 3.47 533.69 96
15 1 33 56.051 30 27 29.73 3.66 17.29 48
16 1 34 26.824 30 53 1.06 3.87 30.87 60
17 1 34 39.056 30 44 2.28 3.97 47.50 60
18 1 34 39.500 30 50 23.27 4.19 9.20 60
19 1 33 7.349 30 42 49.34 4.36 38.62 60
20 1 33 11.217 30 23 21.93 4.55 121.16 108
21 1 34 30.256 30 57 16.33 4.84 42.43 108
22 1 33 38.929 30 20 52.34 4.99 254.41 120
23 1 34 50.221 30 54 47.24 5.32 36.57 84
24 1 34 33.331 31 0 25.62 5.60 34.03 108
25 1 33 56.608 31 0 17.50 5.71 26.68 108
26 1 34 48.391 30 58 39.46 5.77 6.93 96
27 1 32 42.053 30 24 57.91 5.90 104.96 96
28 1 34 9.835 30 21 50.99 5.95 16.44 84
29 1 34 28.980 30 25 8.31 6.33 3.97 60
30 1 34 41.170 30 28 7.71 6.55 13.20 48
31 1 32 37.749 30 40 8.36 6.62 30.09 84
32 1 34 40.370 31 4 33.49 6.68 6.86 84
33 1 35 12.068 30 46 31.11 6.72 4.99 48
34 1 34 2.713 31 5 1.82 6.88 8.76 72
35 1 32 54.210 30 50 43.38 6.99 8.58 72
36 1 32 43.372 30 15 28.60 7.09 19.50 180
37 1 34 42.536 30 25 32.17 7.25 3.86 48
38 1 33 46.842 30 13 27.45 7.30 5.01 72
39 1 34 25.430 30 19 46.10 7.46 4.12 72
40 1 34 32.897 31 9 12.91 7.72 3.12 60
41 1 33 33.651 30 8 43.02 8.29 2.09 72
42 1 34 43.114 31 12 32.42 8.63 2.69 60
a10−15 ergs cm−2 s−1 A˚
−1
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Table 6. Locations and FUV fluxes of candidate PDRs
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
1a...... 121 1.91 6.53 8.01 487 0.60
1b...... 161 2.02 3.67 4.51 249 0.59
1c...... 403 2.17 0.59 0.72 35 0.58
2a...... 40 2.11 5.02 8.18 323 0.97
2b...... 202 2.37 0.20 0.33 10 0.61
2c...... 363 1.57 0.06 0.10 6 0.52
2d...... 363 2.17 0.06 0.10 4 0.58
3a...... 242 1.82 0.73 0.81 67 0.54
3b...... 242 1.51 0.73 0.81 89 0.51
3c...... 403 1.99 0.26 0.29 21 0.55
4a...... 202 1.74 0.55 0.69 54 0.54
4b...... 202 2.11 0.55 0.69 40 0.57
4c...... 242 2.85 0.38 0.48 16 0.64
4d...... 403 2.17 0.14 0.17 9 0.56
5a...... 161 1.94 1.16 1.84 101 0.57
5b...... 161 2.51 1.16 1.84 65 0.62
5c...... 323 2.31 0.29 0.46 19 0.57
5d...... 403 2.85 0.19 0.29 8 0.62
6a...... 161 1.25 1.82 3.21 309 0.51
6b...... 282 1.19 0.59 1.05 108 0.48
6c...... 363 1.51 0.36 0.64 47 0.50
6d...... 403 1.31 0.29 0.51 46 0.48
6e...... 403 3.88 0.29 0.51 7 0.73
7a...... 164 2.39 2.19 6.06 140 0.60
7b...... 205 2.39 1.40 3.88 90 0.59
8a...... 161 2.31 6.23 11.83 424 0.59
8b...... 202 3.14 3.99 7.57 152 0.66
8c...... 323 2.19 1.56 2.96 116 0.56
8d...... 403 2.42 1.00 1.89 62 0.58
9a...... 161 2.17 2.35 6.08 182 0.58
9b...... 202 2.05 1.51 3.89 128 0.56
9c...... 202 1.65 1.51 3.89 179 0.53
9d...... 363 2.02 0.47 1.20 40 0.54
10a..... 81 0.85 0.97 2.76 291 0.59
10b..... 202 0.74 0.15 0.44 55 0.46
10c..... 282 1.71 0.08 0.23 9 0.52
11a..... 81 1.94 0.41 2.31 42 0.66
11b..... 161 1.62 0.10 0.58 14 0.54
11c..... 242 2.08 0.05 0.26 4 0.56
11d..... 323 1.65 0.03 0.14 3 0.52
11e..... 363 1.57 0.02 0.11 3 0.51
11f..... 363 1.79 0.02 0.11 2 0.53
12a..... 161 1.94 0.16 0.81 18 0.56
12b..... 202 2.17 0.10 0.52 9 0.56
12c..... 242 1.68 0.07 0.36 10 0.52
12d..... 363 2.05 0.03 0.16 3 0.54
13a..... 202 1.42 0.31 0.88 53 0.50
13b..... 242 1.54 0.21 0.61 33 0.50
13c..... 242 1.85 0.21 0.61 25 0.52
13d..... 242 1.59 0.21 0.61 32 0.50
13e..... 363 1.25 0.09 0.27 20 0.47
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Table 6 (cont’d)
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
13f..... 363 2.22 0.09 0.27 8 0.54
14a..... 161 3.77 6.42 12.80 214 0.70
14b..... 202 3.42 4.11 8.19 168 0.66
14c..... 282 3.68 2.10 4.18 74 0.67
14d..... 282 3.25 2.10 4.18 95 0.63
15a..... 81 2.17 0.83 3.63 79 0.66
15b..... 363 1.42 0.04 0.18 7 0.48
15c..... 363 1.68 0.04 0.18 6 0.50
16a..... 40 1.14 5.94 45.90 1460 0.91
16b..... 161 1.42 0.37 2.87 68 0.51
16c..... 323 1.39 0.09 0.72 18 0.48
16d..... 323 1.05 0.09 0.72 25 0.46
16e..... 323 1.77 0.09 0.72 12 0.51
16f..... 363 1.48 0.07 0.57 13 0.48
17a..... 161 2.17 0.57 1.46 57 0.56
18a..... 40 1.19 1.77 13.71 426 0.92
18b..... 81 1.17 0.44 3.43 109 0.61
18c..... 202 1.34 0.07 0.55 15 0.50
18d..... 242 1.22 0.05 0.38 11 0.49
18e..... 282 1.14 0.04 0.28 9 0.48
18f..... 363 1.31 0.02 0.17 5 0.48
18g..... 403 1.48 0.02 0.14 3 0.49
19a..... 161 1.91 0.46 4.44 59 0.54
19b..... 242 2.02 0.21 1.98 24 0.53
19c..... 282 2.31 0.15 1.45 14 0.54
20a..... 161 2.34 1.46 11.50 139 0.57
20b..... 161 1.91 1.46 11.50 190 0.54
20c..... 242 1.91 0.65 5.11 84 0.52
20d..... 282 2.82 0.48 3.75 33 0.58
20e..... 363 2.17 0.29 2.27 31 0.53
20f..... 363 2.85 0.29 2.27 20 0.58
21a..... 81 3.11 2.04 13.85 123 0.71
21b..... 282 1.79 0.17 1.13 25 0.50
21c..... 403 3.57 0.08 0.55 4 0.63
22a..... 121 2.54 5.44 16.64 479 0.60
22b..... 161 2.59 3.06 9.36 261 0.58
22c..... 282 3.02 1.00 3.06 65 0.59
22d..... 323 3.39 0.76 2.34 40 0.61
22e..... 323 2.45 0.76 2.34 72 0.54
23a..... 81 2.14 1.76 23.08 212 0.65
23b..... 161 2.11 0.44 5.77 54 0.54
23c..... 202 2.08 0.28 3.69 36 0.53
23d..... 282 3.05 0.14 1.88 10 0.59
24a..... 121 1.48 0.73 11.97 154 0.53
24b..... 161 1.74 0.41 6.73 69 0.52
24c..... 202 1.94 0.26 4.31 38 0.52
24d..... 323 2.02 0.10 1.68 14 0.51
24e..... 323 1.59 0.10 1.68 20 0.48
24f..... 403 1.85 0.07 1.08 10 0.49
25a..... 81 1.82 1.28 11.12 207 0.63
25b..... 202 1.51 0.21 1.78 43 0.49
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Table 6 (cont’d)
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
25c..... 202 1.48 0.21 1.78 44 0.49
25d..... 202 1.11 0.21 1.78 64 0.47
25e..... 363 1.59 0.06 0.55 12 0.48
25f..... 403 1.68 0.05 0.44 9 0.48
25g..... 403 1.51 0.05 0.44 11 0.47
26a..... 161 1.22 0.08 1.98 23 0.51
26b..... 282 1.22 0.03 0.65 8 0.48
26c..... 323 1.28 0.02 0.49 5 0.48
26d..... 323 1.42 0.02 0.49 5 0.49
26e..... 323 1.31 0.02 0.49 5 0.49
26f..... 403 1.39 0.01 0.32 3 0.49
26g..... 403 1.37 0.01 0.32 3 0.48
27a..... 161 2.79 1.26 10.62 107 0.58
27b..... 202 2.37 0.81 6.80 90 0.54
27c..... 242 2.31 0.56 4.72 65 0.53
27d..... 282 2.62 0.41 3.47 39 0.55
27e..... 323 2.28 0.32 2.65 37 0.52
27f..... 403 2.79 0.20 1.70 17 0.55
28a..... 121 1.74 0.35 4.11 62 0.55
28b..... 202 2.05 0.13 1.48 18 0.53
28c..... 242 1.79 0.09 1.03 15 0.50
28d..... 282 2.22 0.06 0.75 8 0.52
28e..... 323 2.28 0.05 0.58 6 0.53
28f..... 323 1.99 0.05 0.58 7 0.51
29a..... 161 1.65 0.05 0.94 9 0.57
29b..... 161 1.62 0.05 0.94 10 0.57
29c..... 403 2.59 0.01 0.15 1 0.59
29d..... 403 2.02 0.01 0.15 1 0.56
30a..... 121 1.99 0.28 2.96 44 0.56
30b..... 121 1.59 0.28 2.96 61 0.54
30c..... 282 2.42 0.05 0.54 6 0.53
30d..... 363 2.05 0.03 0.33 5 0.51
31a..... 81 2.08 1.45 12.90 214 0.63
31b..... 161 1.74 0.36 3.22 69 0.51
31c..... 242 1.54 0.16 1.43 36 0.48
31d..... 242 1.79 0.16 1.43 30 0.50
31e..... 363 1.71 0.07 0.64 14 0.48
31f..... 363 2.08 0.07 0.64 11 0.50
31g..... 403 2.91 0.06 0.52 5 0.55
32a..... 161 1.54 0.08 1.80 19 0.52
32b..... 202 1.48 0.05 1.15 13 0.51
32c..... 323 1.28 0.02 0.45 6 0.48
32d..... 363 1.77 0.02 0.35 3 0.50
32e..... 363 1.97 0.02 0.35 3 0.52
32f..... 403 1.48 0.01 0.29 3 0.49
33a..... 81 1.88 0.24 3.59 42 0.65
33b..... 161 1.91 0.06 0.90 10 0.56
33c..... 202 1.82 0.04 0.57 7 0.54
33d..... 242 1.48 0.03 0.40 6 0.52
33e..... 363 2.17 0.01 0.18 2 0.54
33f..... 363 2.08 0.01 0.18 2 0.54
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Table 6 (cont’d)
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
33g..... 403 1.48 0.01 0.14 2 0.51
33h..... 403 1.85 0.01 0.14 2 0.53
34a..... 161 1.82 0.11 1.38 20 0.53
34b..... 202 1.85 0.07 0.88 12 0.52
34c..... 242 1.74 0.05 0.61 9 0.50
34d..... 323 1.85 0.03 0.35 5 0.50
34e..... 403 1.45 0.02 0.22 4 0.48
35a..... 121 2.34 0.18 2.71 24 0.58
35b..... 161 1.77 0.10 1.52 20 0.53
35c..... 323 1.94 0.03 0.38 4 0.51
35d..... 323 2.17 0.03 0.38 4 0.52
36a..... 121 1.48 0.42 11.38 105 0.53
36b..... 161 1.25 0.23 6.40 73 0.49
36c..... 242 2.05 0.10 2.84 17 0.51
36d..... 282 1.19 0.08 2.09 25 0.46
36e..... 323 2.05 0.06 1.60 9 0.50
36f..... 323 1.88 0.06 1.60 11 0.49
36g..... 363 1.57 0.05 1.26 11 0.47
37a..... 40 1.65 0.74 13.33 164 0.95
37b..... 242 2.17 0.02 0.37 3 0.57
37c..... 282 1.82 0.02 0.27 3 0.55
37d..... 403 1.97 0.01 0.13 1 0.55
38a..... 161 1.31 0.06 1.47 18 0.53
38b..... 242 1.22 0.03 0.65 9 0.50
38c..... 282 1.28 0.02 0.48 6 0.50
38d..... 323 0.85 0.02 0.37 8 0.48
39a..... 81 0.99 0.20 5.39 86 0.63
39b..... 121 0.99 0.09 2.40 38 0.56
39c..... 242 0.88 0.02 0.60 11 0.51
39d..... 242 0.91 0.02 0.60 11 0.51
39e..... 363 0.97 0.01 0.27 4 0.50
39f..... 363 1.14 0.01 0.27 4 0.51
39g..... 403 1.57 0.01 0.22 2 0.52
40a..... 202 1.82 0.02 0.63 5 0.59
40b..... 282 1.45 0.01 0.32 3 0.56
40c..... 323 1.54 0.01 0.25 2 0.57
40d..... 323 1.25 0.01 0.25 3 0.55
40e..... 403 1.59 0.01 0.16 1 0.56
40f..... 403 1.25 0.01 0.16 2 0.55
40g..... 403 1.28 0.01 0.16 2 0.55
41a..... 81 0.95 0.10 4.55 50 0.75
41b..... 121 0.64 0.04 2.02 35 0.69
41c..... 161 0.66 0.03 1.14 19 0.66
41d..... 282 0.64 0.01 0.37 6 0.64
41e..... 282 0.55 0.01 0.37 8 0.64
41f..... 282 0.66 0.01 0.37 6 0.64
41g..... 323 1.06 0.01 0.28 3 0.65
41h..... 403 0.98 0.004 0.18 2 0.65
42a..... 40 1.58 0.52 22.60 142 0.99
42b..... 121 1.58 0.06 2.51 16 0.64
42c..... 161 1.58 0.03 1.41 9 0.62
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Table 6 (cont’d)
Source no. ρHi (pc) NHi (10
21 cm−2) G0 G/Gbg n (cm
−3) a
42d..... 282 1.61 0.01 0.46 3 0.60
42e..... 323 1.35 0.01 0.35 3 0.59
42f..... 363 1.46 0.01 0.28 2 0.59
42g..... 363 1.12 0.01 0.28 3 0.58
aFractional error
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Figure 10. M33 sources 1 – 8, as described in Section 3.2 (from left to right, top to bottom). The Hi column density contours are plotted
against a background of the FUV flux in gray scale. The fitted position of the central UV complex is marked by a star. The integrated
FUV fluxes can be found in Table 6.
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Figure 11. M33 sources 9 – 16 (from left to right, top to bottom). See Figure 10 for more details.
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Figure 12. M33 sources 17 – 24 (from left to right, top to bottom). See Figure 10 for more details.
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Figure 13. M33 sources 25 – 32 (from left to right, top to bottom). See Figure 10 for more details.
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Figure 14. M33 sources 33 – 40 (from left to right, top to bottom). See Figure 10 for more details.
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Figure 15. M33 sources 41 and 42. See Figure 10 for more details.
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Figure 16. Left panel: CPSDP 0087g region at full resolution. The FUV color image is overlaid with Hi contours. The Hi contours
are 3 and 4 ×1021cm−2 only, to emphasize the morphology of the Hi peaks. Black stars mark the locations where the FUV fluxes were
measured. The orange boxes are the locations of the measured Hi patches. Green diamonds denote the location of CO detections by
Engargiola et al. (2003). Part of CPSDP Z204 can be seen in the eastern part of the image. Right panel: Finding chart of the same region
with letters (UV sources) and numbers (HI patches).
Rgal (kpc) 1.05
δ/δ0 0.65
FUV sources (J2000) 1h34m2.363s 30◦38′42.30′′a,
1h34m2.175s 30◦38′52.13′′b,
1h34m1.792s 30◦38′20.99′′c,
1h34m1.754s 30◦39′01.48′′d,
1h34m0.781s 30◦39′08.93′′e,
1h34m0.127s 30◦39′01.85′′f
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 4.55a, 4.68b, 4.55c, 1.56d, 1.65e, 4.72f
Nbg(10
21 cm−2) 0.96
NHI(10
21 cm−2) 3.371:abcd, 4.102:abc, 3.673:abcdef , 4.634:abcd,
3.645:abcd
G0 (cumulative) 1.691, 0.322, 0.973, 0.484, 0.375
G/Gbg range 0.01−1.77
1, 0.03−0.172, 0.01−0.233, 0.01−0.164,
0.02− 0.095
n (derived, in cm−3) 151, 12, 63, 14, 35
Fractional error range 0.35− 0.45
Table 7. Detailed measurements of CPSDP 0087g
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Figure 17. Left panel: CPSDP Z204 region at full resolution. The FUV color image is overlaid with Hi contours. The Hi contours
are 3 and 4 ×1021cm−2 only, to emphasize the morphology of the Hi peaks. Black stars mark the locations where the FUV fluxes
were measured. The orange boxes are the locations of the measured Hi patches. Diamonds denote the location of CO detections by
Engargiola et al. (2003). Right panel: Finding chart of the same region with letters (UV sources) and numbers (HI patches), as well as
the CO detection diamonds.
Rgal (kpc) 1.63
δ/δ0 0.38
FUV sources (J2000) 1h34m8.422s 30◦39′03.93′′a,
1h34m8.874s 30◦39′11.48′′b,
1h34m9.746s 30◦39′12.35′′c,
1h34m9.543s 30◦39′18.92′′d,
1h34m7.112s 30◦39′23.94′′e
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 6.03a, 6.73b, 9.61c, 3.72d, 10.9e
Nbg(10
21 cm−2) 0.96
NHI(10
21 cm−2) 4.561:abcd, 4.412:e, 3.583:abcd, 3.384:abcde,
3.225:abcd
G0 (cumulative) 0.871, 0.652, 0.453, 7.204, 3.975
G/Gbg range 0.02−0.18
1, 0.572, 0.01−0.093, 0.13−1.654, 0.05−
0.515
n (derived, in cm−3) 181, 152, 163, 2954, 1805
Fractional error range 0.26− 0.36
Table 8. Detailed measurements of CPSDP Z204
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Figure 18. Left panel: NGC 595 region at full resolution. The FUV flux range is indicated in the color bar. The HI contours are 3, and
4.5 ×1021cm−2. The green line indicates the path along which the HI columns were averaged for the large scale measurement. The green
diamonds mark the location of CO detections. Right panel: Finding chart of the same region with letters (UV sources) and numbers (HI
patches).
Rgal (kpc) 1.88
δ/δ0 0.59
FUV sources (J2000) 1h33m34.134s 30◦41′39.68′′a,
1h33m33.491s 30◦41′35.03′′b,
1h33m32.937s 30◦41′38.15′′c,
1h33m32.785s 30◦41′46.67′′d,
1h33m32.208s 30◦41′32.86′′e,
1h33m33.401s 30◦41′37.88′′†
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 2.75a, 59.8b, 4.74c, 3.79d, 1.76e, 63.0†
Nbg(10
21 cm−2) 0.93
NHI(10
21 cm−2) 1.191:abcde, 3.792:abc, 3.903:abcd, 4.184:ab, 2.48†
G0 (cumulative) 1.101, 1.402, 1.333, 0.544, 1.79†
G/Gbg range 0.01−1.29
1; 0.01−2.292; 0.01−2.013; 0.01, 0.894;
3.56†
n (derived, in cm−3) 1051, 122, 103, 34, 45†
Fractional error range 0.21-0.38, 0.28†
Table 9. Detailed measurements of NGC 595
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Figure 19. Same as Figure 17, but for BCLMP 0695. The Hi contours are 2, 2.5 and 3.5 ×1021cm−2. A CO detection (diamond) lies
between Hi patches 1 and 4.
Rgal (kpc) 2.49
δ/δ0 0.40
FUV sources (J2000) 1h33m58.768s 30◦49′13.37′′a,
1h33m57.689s 30◦49′01.45′′b,
1h33m56.577s 30◦49′07.47′′c,
1h33m58.480s 30◦48′44.72′′d,
1h33m57.651s 30◦48′49.38′′e,
1h33m56.593s 30◦48′55.91′′f
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 2.26a, 1.11b, 0.79c, 6.38d, 1.73e, 1.08f
Nbg(10
21 cm−2) 0.77
NHI(10
21 cm−2) 2.601:abcd, 1.782:abcdef , 2.773:abcd, 1.894:abcdef ,
1.745:abcef , 1.466:cf
G0 (cumulative) 0.381, 1.742, 0.133, 1.144, 0.165, 0.046
G/Gbg range 0.03−0.40
1; 0.05−1.692; 0.01−0.113; 0.02−1.024;
0.02− 0.205; 0.02, 0.066
n (derived, in cm−3) 231, 1952, 73, 1164, 195, 56
Fractional error range 0.20− 0.43
Table 10. Detailed measurements of BCLMP 0695
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Figure 20. NGC 604 region at full resolution. The FUV flux range is indicated in the color bar. The HI contours are 3, 4 and 5
×1021cm−2. The green rectangle indicates the region where the HI columns were averaged for our measurement. The orange boxes are
the locations of the measured Hi patches. See Table 11, for the measurements corresponding to the finding chart.
Rgal (kpc) 3.47
δ/δ0 0.63
FUV sources (J2000) 1h34m32.42s 30◦47′05.2′′a,
1h34m33.30s 30◦47′07.3′′b,
1h34m33.19s 30◦46′58.7′′c,
1h34m31.98s 30◦46′53.0′′d,
1h34m31.64s 30◦47′19.9′′e,
1h34m32.44s 30◦47′05.2′′†
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 406a, 15.3b, 22.6c, 3.47d, 8.54e, 914†
Nbg(10
21 cm−2) 0.97
NHI(10
21 cm−2) 4.191:abcd, 2.632:ade, 2.983:abcd, 4.644:abcd, 1.93†
G0 (cumulative) 7.401, 6.062, 10.533, 6.934, 15.21†
G/Gbg range 0.01 − 4.45
1; < 0.01 − 4.012; 0.01 − 6.273;
< 0.01− 4.454; 6.49†
n (derived, in cm−3) 341, 1092, 1393, 224, 539†
Fractional error range 0.30-0.44, 0.26†
Table 11. Detailed measurements of NGC 604
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Figure 21. Same as Figure 17, but for BCLMP 0288. The Hi contours are 2.5 and 4 ×1021cm−2. This region did not show a detailed
morphology, so only a large-scale measurement was made.
Rgal (kpc) 4.36
δ/δ0 0.36
FUV source (J2000) 1h33m07.349s 30◦42′49.34′′
FUV flux (10−15 ergs cm−2 s−1 A˚−1) 33.2
Nbg(10
21 cm−2) 1.37
NHI(10
21 cm−2) 1.07
G0 0.44
G/Gbg 3.55
n (derived, in cm−3) 125
Fractional error 0.19
Table 12. Detailed measurements of BCLMP 0288
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Figure 22. Same as Figure 17, but for BCLMP 0256. The Hi contours are 3.5 and 4.5 ×1021 cm−2, to reduce confusion from the
presence of generous amounts of Hi. The partial ellipse traces the general Hi distribution peaks.
Rgal (kpc) 4.55
δ/δ0 0.2167, 0.221235† , 0.44
FUV sources (J2000) 1h33m12.566s 30◦23′39.21′′a,
1h33m10.670s 30◦23′38.13′′b,
1h33m11.541s 30◦23′27.84′′c,
1h33m12.608s 30◦23′08.57′′d,
1h33m10.353s 30◦23′04.95′′e,
1h33m08.072s 30◦23′10.32′′f ,
1h33m07.235s 30◦23′15.18′′g ,
1h33m06.760s 30◦23′10.58′′h,
1h33m07.304s 30◦23′01.77′′i,
1h33m06.435s 30◦23′30.40′′j ,
1h33m11.217s 30◦23′21.93′′†
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 2.58a, 2.29b, 16.9c, 4.95d, 11.0e, 1.69f , 0.91g ,
2.34h, 1.36i, 4.35j , 61.7†
Nbg(10
21 cm−2) 1.37
NHI(10
21 cm−2) 3.101:acd, 2.542:acd, 2.933:a−e, 2.944:befghi,
3.775:bcefi, 3.216:bfghij , 4.177:f−j , 1.48†
G0 (cumulative) 0.591, 0.982, 1.253, 0.234, 0.875, 0.516, 0.977, 0.74†
G/Gbg range 0.11−0.38
1; 0.10−0.922, 0.02−0.533, 0.01−0.154,
0.03− 0.865, 0.02− 0.736, 0.08− 1.267, 2.30†
n (derived, in cm−3) 931, 2072, 2173, 114, 1025, 866, 1097, 319†
Fractional error range 0.18− 0.29
Table 13. Detailed measurements of BCLMP 0256
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Figure 23. Same as Figure 17, but for BCLMP 0650. The Hi contours are 1.5 and 2.5 ×1021 cm−2. A global Hi measurement was
attempted in the rectangular region, centered on the †.
Rgal (kpc) 5.60
δ/δ0 0.33
FUV sources (J2000) 1h34m31.961s 31◦1′09.22′′a,
1h34m33.158s 31◦0′21.19′′b,
1h34m33.368s 31◦0′30.29′′c,
1h34m34.374s 31◦0′26.79′′d,
1h34m34.767s 31◦0′44.28′′e,
1h34m33.785s 31◦0′45.55′′f ,
1h34m32.966s 31◦0′00.25′′g,
1h34m33.331s 31◦0′25.62′′†
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 0.68a, 5.86b, 1.69c, 1.11d, 3.08e, 0.83f , 0.46g, 15.7†
Nbg(10
21 cm−2) 0.71
NHI(10
21 cm−2) 1.241:abcfg, 1.772:bcdefg, 1.913:bcdeg , 2.244:af ,
1.145:bcdefg , 1.996:cdef , 1.04†
G0 (cumulative) 0.131, 0.612, 0.133, 0.14, 1.045, 0.236, 0.055†
G/Gbg range 0.02−0.08
1; 0.04−1.222; 0.01−0.213; 0.03, 1.454;
0.06− 1.425; 0.01− 0.866; 0.23†
n (derived, in cm−3) 351, 1022, 203, 124, 3105, 326, 18†
Fractional error range 0.19− 0.27, 0.18†
Table 14. Detailed measurements of BCLMP 0650
c© 2011 RAS, MNRAS 000, 1–12
34 J. S. Heiner, R. J. Allen and P. C. van der Kruit
Figure 24. Same as Figure 17, but for BCLMP 0269. The Hi contours are 3 and 4 ×1021 cm−2. The right panel only contains the UV
sources that were considered to be significantly impinging on the Hi patches. A more global Hi measurement was taken along the green
line. A CO detection can also be found along this line.
Rgal (kpc) 5.90
δ/δ0 0.32
FUV sources (J2000) 1h32m41.199s 30◦25′57.90′′a,
1h32m42.991s 30◦25′36.90′′b,
1h32m41.256s 30◦25′40.42′′c,
1h32m44.007s 30◦25′21.28′′d,
1h32m42.159s 30◦25′22.11′′e,
1h32m40.696s 30◦25′28.71′′f ,
1h32m41.433s 30◦25′07.25′′g ,
1h32m42.409s 30◦24′56.60′′h,
1h32m46.560s 30◦25′00.72′′i,
1h32m42.053s 30◦24′57.91′′†
FUV fluxes (10−15 ergs cm−2 s−1 A˚−1) 0.24a, 0.52b, 0.55c, 0.31d, 0.56e, 1.05f , 1.66g ,
36.1h, 38.2†
Nbg(10
21 cm−2) 1.55
NHI(10
21 cm−2) 2.321:a−h, 3.432:i, 1.15†
G0 (cumulative) 0.421, 0.432, 0.25†
G/Gbg range 0.01− 0.84
1; 2.802, 0.87†
n (derived, in cm−3) 481, 242, 77†
Fractional error range 0.19− 0.26
Table 15. Detailed measurements of BCLMP 0269
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Figure 25. Our Region 42 at full resolution. Left panel: The FUV color image is overlaid with Hi contours. The Hi contours are 1.7,
2, 2.5, 3 and 3.5 ×1021cm−2. The central FUV source is marked with a black star. Orange boxes mark the locations of Hi patches that
were measured. The green spline tracks the path along which we averaged Hi column densities to get a measure of the potential large
scale PDR. Right panel: Finding chart of the same region with ’a’ for the UV source and numbers (HI patches). The ellipse indicates
the fitted radius to the green spline in the left panel (the corresponding measurements are in italic in Table 16).
Rgal 8.63
δ/δ0 0.27
FUV center (J2000) 1h34m43.099s 31◦12′33.25′′a
FUV flux (10−15 ergs cm−2 s−1 A˚−1) 1.44a
Nbg(10
21 cm−2) 1.0
NHI(10
21 cm−2) 1.491, 1.562, 1.473, 1.374. 1.735, 2.346, 1.607,
1.598, 0.51
G0 0.771, 0.142, 0.143, 0.094, 0.065, 0.046, 0.047,
0.038, 0.07
G/Gbg 18.63
1, 3.432, 3.423, 2.074, 1.395, 0.996, 0.997,
0.668, 1.68
n (derived, in cm−3) 2271, 392, 433, 284, 145, 76, 117, 78, 71
Fractional error range 0.19− 0.31, 0.21
Table 16. Detailed measurements of Region 42
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